The essential calcium atom in Taka-amylase A [EC 3.2.1.1] could be removed reversibly by incubating the enzyme with EDTA at pH 8.0 and 50°C. Concomitantly, the masked sulfhydryl group became available to sulfhydryl reagents under the conditions for the removal of calcium. Modification of the resultant sulfhydryl group caused alteration in the state of the active site and affinity for calcium atom. One of the calcium-binding sites in Taka-amylase A is probably the sulfhydryl group of the sole cysteine residue. The sulfhydryl group seemed not to be the active site of the amylase, but likely to play a key role to maintain the active configuration by chelating with the essential calcium atom.
It has been known that most a-amylases from different sources contain at least one atom of calcium which is firmly bound and required for their activities (1). The essential calcium has been shown to be reversibly removed from the enzymes studied thus far, except for Taka-amylase A [EC 3.2.1.1, a-\, 4-glucan 4-glucanohydrolase, Aspergillus oryzae], either on electrodialysis or on prolonged dialysis of the native enzymes against an aqueous EDTA solution (/, 2). Recently, however, it has also been demonstrated that the essential calcium in Taka-amylase A can be reversibly removed by incubating the enzyme with EDTA at 50°C under alkaline conditions (3) .
Taka-amylase A contains one residue of cysteine which exists in a masked state (4, 5) . The chelating agent, EDTA, has been shown to be the most effective in unmasking the sulfhydryl group. We have therefore attempted to elucidate the correlation of the masked sulfhydryl group with the essential calcium in the amylase. The modifications of the masked cysteine residue affected both the enzymatic activity and the affinity of calcium for the enzyme. These results seem to suggest that one of the binding sites of calcium in the amylase molecule is the sulfhydryl group of the sole cysteine residue.
MATERIALS AND METHODS
Taka-amylasi A-Crystalline enzyme was prepared from " Takadiastase Sankyo" according to the procedures of AKABORI it al. (6) and further purified by chromatography on a diethylaminoethyl-ccllulosc column (7).
Enzymt Activity Determination-Amylase activity was assayed by the modified FUWA'S procedure (8) at pH 5.3 and 30°C, using amylose as a substrate. Specific activity was expressed in terms of A/mg/min, where A was absorbance at 500 m/i of the reducing power.
Assay of Sulfhydryl Group-The reagent developed by ELLMAN (9, 10), DTNB, was used to estimate reactive sulfhydryl group. The complete assay mixture contained 3 to 5 rag of the amylase, 0.05 M Tris-HCl 295 Downloaded from https://academic.oup.com/jb/article-abstract/63/3/295/2184305 by guest on 27 April 2019 buffer, pH8.0 and 10 mu EDTA in a final volume of 3 ml, and was added with 25 fA of 10" 1 u DTNB. The reaction was followed at room temperature to completion at 412 m/i and mole equivalents of sulfhydryl group were calculated using molar extinction of 13,600. For the unmasking of the sulfhydryl group, if required, the preincubation of the reaction mixture at 50°C wai carried out prior to the addition of DTNB.
Rtagtntsfor Slocking of the Sulfhydryl Group-Monoiodoacctatc, monoiodoacetamide and PCMB were recrystallized before use. Ethyleneimine was used without purification of the commercial supply.
Qjumtitative Analysis of tht Derivatives of CysteineCarboxymethyl-cysteine and carboxyamidomethylcysteine were quantitatively estimated by a Beckman/ Spinco automatic amino acid analyzer after acid hydrolysis according to the procedures of CRESTFIELD et al. ( 11), and aminoethyl-cysteine was also analyzed by the amino acid analyzer according to the method of RAFTELV and COLE (12).
Analysis of Calcium in tht Protein-Calcium carbonate was dissolved in a minimum volume of hydrochloric acid, and the solution was suitably diluted to be 100 ppm of calcium concentration. To each of six 10-ml volumetric flasks was added 0, 0.2, 0.3, 0.4, 0.6, and 0.8 ml of the above stock calcium solution, and was filled to the mark with deionized water. This will provide standards of 0, 2, 3, 4, 6, and 8 ppm calcium.
The protein concentration of the dialysate wai estimated based on E^m ;I = 25.2 in 0.1 N NaOH. After extensive dialysis, the protein samples were analyzed in a Perkin-Elmer atomic absorption apparatus similar to that described by WILLIS ( 73). The bound calcium was represented as atom per mole of amylase, assuming its molecular weight to be 51,000.
RESULTS

Inactivation of Taka-amylase and Unmasking of Sulfhydryl Group with EDTA-Lyophilized
Taka-amylase A was dissolved in Tris-HCl buffer of pH 8.0 and EDTA was added such that the concentrations of the amylase and EDTA were 10" 5 M and 10"' M, respectively. The above mixture was incubated at 50°C The enzyme activity and the unmasked sulfhydryl group were determined at suitable intervals. The amylase activity was quickly lost as shown in Fig. 1 , and the unmasked .sulfhydryl group increased concomitantly. After 90min of incubation, calcium acetate was then added in a concentration of 3x10"' M, which was three-fold excess of the added EDTA, and the mixture was allowed to stand at room temperature. The lost activity was gradually restored on the addition of calcium. Inactivation of the amylase with EDTA and its reactivation with calcium were in parallel to the amounts of the unmasked sulfhydryl group. These results suggested that inactivation of the amylase with EDTA was due to the removal of the essential calcium and the subsequent unmasking of the sulfhydryl group.
Effect of Alkylation of the Sulfhydryl Group
on Amylase Activity-When the amylase was incubated with iodoacetate or iodoacetamide at pH8.0 and 50°C, no inactivation resulted. On incubation in the presence of EDTA, however, amylase activity was lost completely within 120 min. On the addition of calcium, the lost activity was recovered when the inactivation was carried out with iodoacetate and EDTA. In contrast, with iodoacetamide and EDTA, the activity was not restored after the addition of calcium as shown in Fig. 2 .
The extent of inactivation of the enzyme with iodoacetamide was in parallel to that of the alkylation of the sulfhydryl group, which was estimated as 5-carboxymethylcysteine after acid hydrolysis of the protein as shown in Fig. 3 .
The aminoethylation of the cysteine residue with ethyleneimine in the presence of EDTA gave the similar results to those with iodoacetamide. The aminoethylated amylase was completely inactive and contained approximately one residue of 5-aminoethylcysteine, which was estimated by amino acid analysis of the protein hydrolysate. The results are shown in Fig. 4 . 
Inactivation of Amylase with PC MB and Its
Reactivation with Calcium-When the amylase (2.2X 10" 7 M) was incubated with PCMB (1.6X 10~4 M) at pH 8.0 and 50°C, quick inactivation occurred, especially in the presence of EDTA (10~8 M). The lost activity was restored on the addition of calcium as shown in Fig. 5 . The reactivated PCMB-treated amylase with calcium contained no sulfhydryl group which would react with DTNB. A small amount of sulfhydryl group (0.15 mole/mole of protein) was estimated on the reactivated PCMB-treated amylase after the unmasking of the sulfhydryl group with 10" 1 M EDTA. Therefore, it seemed probable that the added calcium had exchanged with the introduced />-carboxybenzene mercurial group, and that the conformation of the active site was subsequently reconstructed leading to the restoration of the amylase activity. This possibility was also supported by the fact that when the reactivated mixture of the PCMB-treated amylase with calcium was subjected to gel filtration on a Sephadex G-50 column, an ultra-violet absorbing material was slowly eluted at the position far behind the protein peak. However, chemical entity of the ultra-violet absorbing material derived from the />-carboxybenzene mercuric mercaptide group was unknown. We, thus further investigated the mechanism of the inactivation of the amylase with PCMB and its reactivation with calcium.
The lyophilized PCMB-treated amylase was dissolved in Trjs-HCl buffer of pH 8-0 in a concentration of 1.2 X10" 6 M and the solution was preincubated at 50'C for 10 min. Calcium acetate and L-cysteine were then added separately or together so that their final concentrations were both 10" ! M. The solution was allowed to stand at room temperature. As shown in Fig. 6 , on the addition of calcium QT calcium plus cysteinc, arnylase activity was recovered. On the other hand, when the PCMB-treated amylase was incubated with cysteine alone under the same conditions as described above, no activity was restored, while on the addition of calcium at the point indicated by the arrow in Fig. Q , amylase activity was recovered. The resultant en?yme, which was reactivated with calciurn or calcium plus cysteine, had similar kinetic constants to those of the intact amylase as listed in Table I .
Characteristics of Activity of Arnylase Derivatives-In order to examine the characteristics of the recovered activities of the enzyme derivatives, of which sulfhydryl group was modified by the various reagents, the kinetic constants, i.e., K m and Fm»x values, were compared with one another at pH 5.3 and 30°C, using amylose as a substrate. As listed in Table I , the K n value? of the derivatives were similar to that of the intact amylase with the exception of CM-amylasc. It was suggested from these facts that the EDTA-treated amylase and the PCMB-treated amylase regenerated the same state of the active site as that of the intact one, while the active site of CMainylasc was altered owing to the alkylation of the sulfhydryl group.
The pH-gtability of CM-atnyJase was also examined at 50°C. CM-Amylase was stabilized in alkaline side in comparison with the intact a.mylase, as shown in Fig-7 , This phenomenon seemed to be attributed to the alteration in the state of the active site by carboxymethylation of the sujfhydry! group. Although the catalytic activity was preserved in CM-amylase, its efficiency was reduced compared with that of the original enzyme. The correlation of the modification of the sulfhydryl group with the essential bound calcium will be described later.
Essential Bound Calcium in Modified Amylase
Derivatives-The lpst activity of the amylase derivative in which the sole sulfhydryl group in the amylase was converted into carboxymethyl-cysteine could be restorted by the addition of calcium, but those of the carboxyamidomethyl and aminoethyl derivatives were not. These facts suggested that the essential calcium could not be rebound to the latter two enzyme derivative? because of the modifications of the sulfhydryj group. We therefore examined the binding affinity of the enzyme derivatives for calcium.
The alkylation of the sulfhydryl group was performed under the conditions as despribed above. After the addition of calcium, the reaction mixture was allowed to stand at room temperature for 20 hr. The protein solution was dialyzed against deionized water with twp changes of the outer water per day. The dialysate was taken out every day and both the amylase activity and bound calcium were estimated. The results are shown in Fig. 8 . As expected, the derivatives, which were unable to restore the amylase activity on the addition of calcium, had lost the affinity for calcium. The order of binding affinity for calcium was as follows:
the intact amylase > CM-amylase > CAM-amylase > AE-amylase .
In the intact amylase, the amount of the bound calcium was constant during dialysis. The activity pf the reactivated Cfyt-amylase in this figure was higher than that shown in Fig.  2 . In the present experiments, amylase activity of the sample was measured after being kept for 9 days at 5-10°C. 
1) Calcium content was determined after extensive dialysis (6 days).
2) Enzyme activity was measured on the incubated sample at pH8.0 for 20 hr after the addition of calcium.
CM-amylase retained both the bound calcium and amylase activity, but its affinity for calcium was weaker than that of the intact one. Therefore, after prolonged dialysis, the bound calcium decreased to the extent which was less than one atom per mole of protein and the amylase activity decreased in parallel to the decrease in calcium content. CAM-amylase lost calcium more easily than CM-amylase. AE-amylase quickly lost calcium almost completely during dialysis.
DISCUSSION
It has been known that the sole cysteine residue in Taka-amylase A exists in a masked state and is not reactive toward various sulfhydryl reagents (4, 5) . The chelating agent, EDTA, has been shown to be the most effective in unmasking this sulfhydryl group (5) . On the other hand, the amylase contains one atom of calcium which is essential for the catalytic activity (/, 2). It has previously been reported that the essential calcium could be removed by incubating the intact amylase with EDTA at pH 8.0 and 50°C, accompanying the inactivation, and that the lost activity was recovered by the addition of calcium under the above conditions (3) .
Under the conditions causing reversible inactivation of the amylase, unmasking of the sulfhydryl group is in parallel to the inactivation of the amylase. These facts seem to suggest that the removal of calcium which appears to be involved in the stabilization of the active conformation of the amylase molecule gives rise to the unmasking of the sulfhydryl group, leading concomitantly to the inactivation of the enzyme. However, it is not yet certain whether or not this alteration in the tertiary structure of the enzyme due to the removal of the calcium atom (14) causes the exposure of the sulfhydryl group.
We have next examined whether or not amylase activity of the enzyme derivatives, in which the sole sulfhydryl group was substituted with various reagents, was recovered on the addition of calcium. CM-Amylase could recover amylase activity in about 15% of that of the intact enzyme, while CAM-and AE-amylases did not restore. PCMB also inactivated the enzyme and the PCMB-treated amylase was reactivated with calcium up to 64% of the original activity.
The characteristics of the recovered activities of the amylase derivatives were examined by comparing the values of K m and Km« for amylose as a substrate. After reactivation with calcium, the EDTA-inactivated and the PCMB-inactivated amylases have similar values of K m and Fm« to those of the intact amylase. In contrast, the two values of CM-amylase have changed as listed in Table I , and the pH-stability also differed from that of the intact amylase. Judging from these facts, it appears to be probable that the recovered activity of CM-amylase is due to the CMamylase itself, not to the contamination of the intact amylase. Furthermore, state of the active site in CM-amylase seems to be altered by carboxymethylation, since its kinetic constants and pH-stability were changed.
Mechanism of the reactivation of the PCMB-treated amylase with calcium was also examined. As shown in Fig. 6 , although the PCMB-amylase could be reactivated with calcium alone, it was more effective to incubate the PCMB-amylase with cysteine plus calcium to reactivate the enzymatic activity. When the PCMB-amylase was incubated with cysteine alone, no activity was recovered. These results suggested that calcium and PCMB compete with each other for the same binding site in the amylase molecule. Namely, in the native amylase molecule, one of the calcium binding sites may be the sulfhydryl group of the sole cysteine residue.
It is well known that calcium is essential for the amylase activity (/, 2). We will therefore postulate the following schema for the reversible inactivation of the amylase by the removal or the addition of calcium and the modification of the sulfhydryl group: Among the 5-alkylated derivatives of the amylase, CAM-amylase (-S-CH r CONHj) and AE-amylase (-S-CH r CH 2 -NH, + ) did not recover their activities on the addition of calcium. These results suggested that the amylase derivatives, which could not recover the activity, lost the binding affinity for calcium. In order to examine such a possibility, the amount of the bound calcium in the amylase derivatives was analyzed. As shown in Fig. 8 and Table II , CM-amylase retained one atom of calcium, but the affinity for calcium of GAMamylase decreased and its slight amylase activity was quickly lost during dialysis. Furthermore, AE-amylase, which was completely inactive, lost bound calcium. Apart from the alkylated derivatives, in the case of PCMBamylase, it seemed to be probable that the introduced />-carboxybenzene mercurial into the sulfhydryl group was exchanged with calcium ion and the same conformation of the active site as that of the intact amylase was regenerated.
In conclusion, one of the binding sites of the essential calcium in Taka-amylase is the sulfhydryl group of the sole cysteine residue. When the sulfhydryl group was converted into neutral (S-CAM-) or positively charged (5-AE-) derivatives, the affinity for calcium of the amylase decreased leading to the inactivation.
Although the sulfhydryl group seems not to be the active site of the amylase, its modification caused alteration of the activity. Therefore, the sulfhydryl group will stabilize the active configuration of the amylase molecule by chelating with calcium, of which another ligand group in the enzyme is still unknown. Such a correlation of the essential calcium with the sulfhydryl group in Takaamylase A suggests that there exist a similar relationship in other a-amylases from different origins, since it is known that a-amylases contain one atom of essential calcium for their activities.
We have made similar experiment in Bacillus subtilis a-amylase to those in Takaamylase described here. Further investigations on B. subtilis a-amylase are in progress and the results will be published in a separate paper.
